Many marine invertebrates utilize biomacromolecules as building blocks to form their load-bearing tissues. These polymeric tissues are appealing for their unusual physical and mechanical properties, including high hardness and stiffness, toughness and low density. Here, a marine hydroid perisarc of Aglaophenia latirostris was investigated to understand how nature designs a stiff, tough and lightweight sheathing structure. Chitin, protein and a melanin-like pigment, were found to represent 10, 17 and 60 wt.% of the perisarc, respectively. Interestingly, similar to the adhesive and coating of marine mussel byssus, a DOPA (3,4-dihydroxyphenylalanine) containing protein and iron were detected in the perisarc. Resonance Raman microprobe analysis of perisarc indicates the presence of catechol-iron(III) complexes in situ, but it remains to be determined whether the DOPA-iron(III) interaction plays a cohesive role in holding the protein, chitin and melanin networks together.
Introduction
Given their lightweight and excellent mechanical properties, mineral-deficient load-bearing tissues of marine invertebrate organisms (squid beaks and polychaete jaws) have attracted attention as high-performance biomaterials [1] [2] [3] [4] . In contrast to vertebrate hard tissues, which are highly mineralized (>70% by dry mass), several marine-derived hard tissues contain significantly less mineral (<10% by dry mass) [5] but maintain comparable mechanical properties to those of their highly mineralized counterparts in vertebrates [5, 6] . In addition, the marine environment has much in common with body fluids; both systems are naturally saline and experience variations of fluid flow and temperature, are prone to surface fouling via macromolecules, and exhibit cell-mediated catabolism and turnover of circulating organic solutes. A deeper understanding of the structure-function relationships in the hard tissues of marine organisms is considered by many to be a valuable database for designing lightweight and biocompatible materials for biomedical applications.
Previously studied mineral-deficient load-bearing fang-like jaws from two marine polychaetes (Glycera and Nereis species) are appropriate specific examples. Both jaws have similar shapes and mechanical properties that resemble those of human dentin but without a similar reliance on mineral. Glycera jaws consist of melanin ($37 dry wt.%), protein ($50%), copper-based minerals and metal ions (up to 10%), whereas Nereis jaws are a composite of halogenated proteins (70-90% of the total dry mass) and metal ions [1, 4, [6] [7] [8] [9] [10] . Melanin, which is usually associated with pigmentation, has significant load-bearing properties in Glycera jaw [2] . In contrast, in Nereis jaw, the metal coordination complex between zinc ions and the histidine-rich proteins, and dityrosine cross-links are the only known cohesive mechanisms underlying the observed hardness and stiffness of the jaws [8] .
Another invertebrate structure appropriate for consideration is the beak of the jumbo squid (Dosidicus gigas). Dosidicus beak is composed entirely of organic molecules, which are chitin, histidine-and glycine-rich proteins, and catecholic pigments with 3,4-dihydroxyphenylalanine (DOPA) and 4-methylcatechol. Stiffness at the tip of the beak approaches a maximum of 5 GPa under wet conditions, which is achieved by a functional gradient, i.e. an increase in the density of catechol-based cross-linking of the histidine-rich proteins [3, 11, 12] . The stiffness of the completely non-mineralized beak of squid approaches that of the tooth dentin under wet conditions [3] . The stiffness of fully dried, anisotropic, crystalline a-chitin measured by X-ray diffraction was about 1742-7061/$ -see front matter Ó 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.actbio.2013.06.015 less than 0.3 GPa (unpublished data). As previously described in Dosidicus beak, chitin provides a supporting framework for the catechols and proteins, which are ultimately responsible for the stiffening effect under fully hydrated conditions [12] . A chemically similar reaction has been reported in the perisarc of the hydroid Laomedea flexuosa [14] [15] [16] . The perisarc of hydroids is a sheath of chitin, proteins and inorganics that protect the main stalk and soft tissues. Preliminary histochemical studies reported that hydroid perisarc was composed of chitin fibers embedded in a mixture of proteins and dopamine (a catechol) oxidized by phenoloxidase [14, 15] . This sounds remarkably reminiscent of the mechanism of beak hardening in Dosidicus even though the two organisms are phylogenetically separated, i.e. Cnidaria and Mollusca.
To more deeply explore this superficial resemblance, we further analyzed the biochemical and physical properties of hydroid perisarc in Aglaophenia latirostris Nutting, 1900 and ostrich-plume hydroid (phylum: Cnidaria; class: Hydrozoa; order: Hydroida), a common species on rocks or brown algae in the epibenthic zone extending from Southern Alaska to the central coast of California. Our results suggest that metal coordination, melanin formation and catechol-based cross-linking of proteins occur within a chitin mesh and play a role in the maturation of hydroid perisarc.
Materials and methods

Biochemical analysis
Live local hydroids (A. latirostris) used for this study were collected from Goleta Pier (Goleta, CA). Prior to chemical analysis, the hydroids were frozen in a deep-freezer, where they were stored at À80°C until use. To separate the perisarc from the soft tissue and the impurities of seawater, harvested hydroids were incubated in 4 M urea/5% acetic acid solution for 48 h and washed thoroughly with deionized water. The hydroid perisarcs were freeze-dried and their dry weight recorded. The dried perisarcs were ground to powder with a mortar and pestle. The determination of the content of inorganics in hydroid perisarc was performed by mass weighing of freeze-dried hydroid before and after incubating in an oven at 450°C for 24 h to remove the organic phase. Extraction of total lipid from the hydroid perisarc was performed in a mixture of methanol and chloroform, and the lipid content was determined by a previously reported method [17] . Total protein content was obtained independently by the Lowry method and by amino acid analysis after sample preparation by acid hydrolysis [11] . Carbohydrate and glycogen were extracted in 15% trichloroacetic acid from the ground hydroid perisarc and their contents determined by the phenol-sulfuric acid method. The content of chitin was independently determined by amino acid analysis. To isolate chitin from the perisarc, the perisarcs were treated with 7 wt.% HCl for 2 days at room temperature and then boiled in a 5 wt.% KOH solution for 2 days to remove residual proteins. To remove pigments in the sample, the sample was filtered and washed with distilled water.
Amino acids and chitin analysis
Hydroid polyps were freeze-dried, weighed and placed in hydrolysis vials with 6 M HCl and 5% phenol as antioxidant. The tubes were vacuum-sealed and heated at 110°C for 2 days. The supernatant was then separated from the solid residue by centrifugation, flash-evaporated and analyzed in a ninhydrin-based SY-KAM analyzer (SYKAM, Germany). The amino acid (AA) concentrations were calibrated using external standards. The presence of the catecholic compounds was tested by the Arnow assay [18] . To separate DOPA and other catecholic compounds, hydroid polyp samples were hydrolyzed at 156°C for 1 h and, following flash evaporation, bound to a phenyl boronate affinity column [19] and washed with three column volumes of 0.1 M phosphate (pH 7.5) before eluting with 5 vol.% acetic acid. The fraction purified by phenyl-borate column was separated by high-performance liquid chromatography and analyzed by electrospray ionizationmass spectrometry (ESI-MS) using an AB SCIEX API 2000 mass spectrometer (Waters Corp., Milford, MA). The AA compositions of the eluting fractions were also analyzed as above. The chitin mass fraction was obtained from mass changes of freeze-dried hydroid polyp samples following a deproteinization/depigmentation treatment. Freeze-dried hydroid polyp samples in the alkaline peroxide cocktail (0.25 N NaOH and 1.5% (w/v) of H 2 O 2 ) were incubated for 1 day at 50°C [9] . Insoluble fraction was separated by the centrifugation, briefly washed with deionized water and freeze-dried. Freeze-dried insoluble fraction was hydrolyzed at 110°C for 2 days and injected into the AAAA analyzer. Glucosamine hydrochloride (GA-HCl, the hydrolysis product of chitin when subjected to 6 M HCl) was used as an external standard for chitin content calculation [11] .
Melanin-like pigment characterization and quantification
Melanin-like pigment characterization and quantification in non-hydrolyzable part of Aglaophenia perisarc after acid hydrolysis was carried out by alkaline peroxidation, X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy (IR) [19] . Sepia melanin (Sigma) was used as a standard, with concentrations of 0, 0.1, 0.2, 0.5 and 1 mg ml -1 . The hydrolyzed and non-hydrolyzed samples were then checked by the alkaline peroxidation method. As the hydrolyzed sample, the freeze-dried hydroid and Sepia melanin were weighed and placed in hydrolysis vials with 6 M HCl and 5% phenol as antioxidant. The vials were vacuum-sealed and heated at 110°C for 2 days. The insoluble residues were separated from the supernatant by centrifugation, washed with distilled water and methanol to remove HCl, then fully dried in a convection oven. Non-hydrolyzable insoluble residues were compressed into a KBr pellet. IR adsorption and XPS spectra of the pellet were measured using a Fourier transform infrared spectrometer (Excalibur, Bio Rad, Hercules, CA) with a resolution of 4 cm À1 in the wavenumber region of 700-4000 cm À1 and an X-ray photoelectron spectrometer (PHI 5800 ESCA System, Philips, Netherlands), respectively. Nonhydrolyzable insoluble residues also were suspended as 0, 0.1, 0.2, 0.5 and 1 mg ml À1 solutions in alkaline peroxide cocktail (1 vol. of 10 N NaOH, 2 vols. of 30% H 2 O 2 , 37 vols. of deionized water), then analyzed for absorbance at 560 nm to determine the total melanin content. After the mixtures were incubated overnight at 70°C and centrifuged at 14,000 rpm to remove residual solids, absorbances of the supernatant at 560 nm were measured [20] [21] [22] [23] . Standard curves of hydrolyzed Sepia melanin were constructed using 0, 0.1, 0.2, 0.5 and 1 mg ml -1 acid-hydrolyzed melanin.
Wide-angle X-ray diffraction
X-ray powder diffraction studies were carried out on powdered hydroid polyp and the alkaline peroxide cocktail-treated hydroid polyp using a wide-angle X-ray scattering spectrometer equipped with a Cu rotating anode X-ray generator (Rigaku, UltraX18), a double-focusing graded multilayer monochromator and a Mar345 image plate area detector. The beam size at the sample position is 1 mm Â 1 mm. Diffraction patterns were corrected for background by acquiring a blank pattern under otherwise identical operating conditions.
Microscopy and element analysis with secondary ion mass spectroscopy (SIMS) and fluorescence microscope
For scanning electron microscopy (SEM), hydroid perisarc was mounted on conductive carbon tabs on SEM posts (Ted Pella, Redding, CA), sputter-coated using a Desk-II coater equipped with a gold/palladium target (Moorestown, NJ) and imaged in a scanning electron microscope (Vega Ts 5130 mm, Tescan, Czech Republic). Perisarc of A. latirostris was embedded in Epofix (Electron Microscopy Sciences, Hatfield, PA) and longitudinally microtomed using a diamond knife. The elemental analysis in the longitudinal sections on a Physical Electronics 6650 Dynamic secondary ion mass spectroscope (Physical Electronics, Chanhassen, MN) was done using a 8 kV oxygen (O 2+ ) beam when collecting depth profiles and a 25 kV gallium (Ga + ) beam with a spot size of about 0.5 lm when mapping elemental distribution. The same section was also viewed under 340-400 nm UV light using fluorescence microscopy with a blue filter to see the blue autofluorescence from DOPA and melanin [25] . To evaluate the metal content of the perisarc, the perisarcs were submitted to inductively coupled plasma (ICP) spectroscopy. The ICP used for this study was an IRIS advantage (Thermo Elemental, Franklin, MA). The perisarc was directly preserved under a vacuum after freeze-dried and before analysis to minimize contact with air.
Raman spectroscopic studies
Perisarc of A. latirostris was embedded in PEG-2000 (Carl Roth
Gmbh), and 20 lm thick longitudinal sections were microtomed.
The perisarc sections were washed thoroughly with several changes in distilled water to remove any remaining PEG, positioned on a quartz slide in distilled water and fixed under a quartz cover slip. For Raman microspectroscopy, a continuous laser beam was focused on the sample through a confocal Raman microscope (model CRM200, WITec, Ulm, Germany) equipped with a piezoelectric scanner (model P-500, PhysikInstrumente, Karlsruhe, Germany). Diode-pumped 785 nm near-infrared laser excitation (Toptica Photonics AG, Graefelfing, Germany) was used in combination with a 100 lm oil-immersed (Nikon, NA = 1.25) microscope objective. Laser power ranging between 15 and 30 mW was used for all measurements. The spectra were acquired with a thermoelectrically CCD (DU401ABV, Andor, Belfast, North Ireland) behind a grating (300 g mm À1 ) spectrograph (Acton, Princeton Instruments Inc., Trenton, NJ, USA) with a 6 cm À1 spectral resolution. Software Scan Ctrl Spectroscopy Plus (version 1.38, Witec) was used for measurement setup. Raman spectra were processed and analyzed with Witec Project Plus software (Version 2.02).
Results
General characterization
Freshly harvested A. latirostris hydroids exhibit a brown color (Fig. 1A) . The feather-like sprigs with hydroid egg capsules arising from a rachis are colonies of polyps. The proximal of a rachis are typically anchored to marine substrata by a specialized underwater adhesive. Whole polyps are ensheathed by a stiff perisarc. Previously studied chemical composition analysis of Obelia longissima hydroid polyp indicated that the Obelia perisarc was composed of chitin ($45%), proteins ($40%) and minerals ($10%), by dry weight [26] . Here, the chemical composition of the Aglaophenia perisarc was determined (Table 1) . The organic and inorganic contents of the initial dry mass of the Aglaophenia perisarc were $98 and $2 wt.%, respectively. The carbohydrate, protein and lipid contents of the initial dry mass of the sample were $11, 17 and $2 wt.%, respectively, which significantly do not add up to 98% ( Table 1) . The protein content analyses in the perisarc studied independently by AA analysis and the Lowry method agree at $17 wt.%. The chitin content of the sample dry mass measured by the AA analysis was $11 wt.%, implying most of the carbohydrate in the perisarc is chitin. However, $70 wt.% of the starting mass of the perisarc remained to be accounted for by further analysis.
Non-hydrolyzable part characterization
Because 70 wt.% of the Aglaophenia perisarc was non-hydrolyzable by acid hydrolysis and only 25 wt.% of the initial mass remained after treatment with alkaline peroxide cocktails [9] , we speculated that some portion of the unknown mass might be related to melanin-like pigment because melanin is stable to acid hydrolysis but is degraded by H 2 O 2 treatment at alkaline pH and elevated temperatures. The alkaline H 2 O 2 treatment with melanin produces pyrrolecarboxylic acids, which absorb at 560 nm [21, 22, 24] . The fraction of melanin-like pigment in Aglaophenia perisarc was estimated to be 60 wt.% based on a Sepia melanin standard made by alkaline peroxide cocktails. To confirm the presence of melanin, the non-hydrolyzed sample was collected and quantified after alkaline peroxidation. Interestingly, melanin content based on the detection method was $87.5 wt.% of the 11.2 ± 1.0 (11.1 ± 1.0)
1.9 ± 2.5 60 ± 6.0 1.5 ± 1.7 $100
The protein content is based on the Lowry method. The values in parentheses are attributed to chitin. Each value represents the mean of three analyses and its standard deviation.
non-hydrolyzed sample. As different melanin standards vary in their chemical degradation during alkaline peroxidation, Sepia melanin may not be the ideal standard for quantifying perisarc melanin-like pigment. However, this result suggests that the non-hydrolyzed component of the perisarc is mainly composed of melanin-like pigment.
To confirm that the non-hydrolyzable part is mainly composed of melanin-like pigment, FTIR spectroscopy and XPS were performed on the perisarc (Fig. 2) . The results showed that the FTIR spectrum for hydrolyzed Aglaophenia perisarc resembles that of the control hydrolyzed Sepia melanin. A broad band corresponding to phenolic OH stretches was seen at 3400 cm À1 ; aromatic C@C stretches and COO stretches were identified at 1600-1650 cm
À1
and phenolic COH stretches were visible at 1260 cm
, which fit well with the vibrations established in previous studies [20] . The XPS of hydrolyzed Aglaophenia perisarc (XPS, Fig. 2B ) corroborates the existence of the melanin revealed by FTIR and alkaline peroxide treatment. The XPS spectra of the hydrolyzed Sepia melanin and the hydrolyzed Aglaophenia perisarc are almost identical in peak type.
AA analysis and wide-angle X-ray diffraction of Aglaophenia perisarc
Glycine is the dominant AA in the proteins of hydroid perisarc ($20 mol.%) based on the AA composition analysis ( Table 2 , Fig. 3) . Histidine, present at >10 mol.% levels in both squid beak and polychaete jaws, was less than 2 mol.% in the perisarc [1, 4, 7, 8] . Another intriguing compound detected by the AA composition analysis was a broad peak at 40 min corresponding to glucosamine (Fig. 3) . Because glucosamine is a product formed during the acid hydrolysis of chitin, it was expected that chitin content in the perisarc would be relatively high. Indeed, total chitin content in perisarc was deduced from AA composition analysis to be about 11 wt.% of the perisarc. The X-ray diffraction (XRD) spectrum of the perisarc powder also supported the existence of chitin fiber crystalline phase in the perisarc due to a similarity with a spectrum of a-chitin from crab shell (Fig. 4) [11, 27] . However, it is unclear whether the crystalline phase is a-chitin or b-chitin [28] because XRD obtained from the perisarc powder contains other organic and inorganic materials and the chitin content is less than 11 wt.%. ), aromatic C@C stretches, COO stretches; peak (1380-1400 cm
À1
), phenolic COH bends, indolic and phenolic NH stretches; peak (1260 cm À1 ), phenolic COH stretches. XPS spectra of (B) Sepia melanin and (C) Aglaophenia non-hydrolyzable pellet. Each value represents the mean of three analyses. Fig. 3 . Amino acid analysis profiles of hydroid perisarc-derived DOPA and glucosamine. Acid-hydrolyzed mature dry hydroid perisarc is shown in black, DOPA purified by affinity chromatography from hydrolyzed perisarc is shown in red, a glucosamine purified from hydrolyzed perisarc following alkaline peroxidation is shown in blue and a glucosamine standard is shown in green.
Catechol identification in Aglaophenia perisarc
A catechol, dopamine, was reported in previous analyses of Laomedea and Obelia longissima hydroid polyps [14, 15] . To explore the catechol (o-diphenol) presence in Aglaophenia perisarc, the Arnow assay was performed. Aglaophenia perisarc, like previously studied Laomedea perisarc, stained red when treated with Arnow reagent (positive for catechols, Fig. 1B) , confirming the presence of catechol derivatives. However, the intensity of the red color developed by the Arnow reagent was weaker than mussel byssus (personal observation), suggesting that the concentration of catechol derivatives in hydroids is lower than in mussel byssus. To identify catecholic compounds, the perisarc was hydrolyzed and the derived catecholic compounds were separated and purified by phenyl-borate affinity chromatography. The fraction purified by the phenyl-borate column was analyzed by ESI-MS and AA analysis. Interestingly, the only catecholic compound detected, based on AA analysis and ESI-MS, was DOPA, not dopamine as previously reported in other hydroid species (Fig. S1) [13, 14] . The DOPA content of whole perisarc obtained by AA analysis following acid hydrolysis is likely obscured by a large, broad glucosamine peak, the end-product of chitin hydrolysis in the perisarc (Fig. 3) . The proximal end of a rachis, where the hydroid polyp holdfast is tethered to the substratum, was also stained red with Arnow, implying that the hydroid may utilize DOPA in underwater adhesive proteins, as mussels and sandcastle worms do. Whole hydroids were homogenized in 8 M urea/5% acetic acids, then the supernatant was separated in acid-urea polyacrylamide gel electrophoresis gel and stained with Coomassie blue R and nitroblue tetrazolium (NBT) to detect DOPA-containing protein (Fig. S2 ) [29] . A cluster of NBT-positive bands are detected and provide evidence for the existence of DOPA-containing protein in the hydroids. DOPA can affect the biological materials by many different pathways, such as melanization, cross-link formation and metal ion binding [30, 31] .
Element analysis in Aglaophenia perisarc
A transverse cross-section of hydroid zooid (X-X 0 ) was viewed under 340-400 nm UV light by fluorescence microscopy and element image mode by SIMS (Fig. 5) . As shown in Fig. 5A , the crosssectioned perisarc exhibited a blue-green fluorescence. Because melanin and DOPA from the identified perisarc components have blue-green fluorescence (k em 400-500 nm), DOPA and/or melanin may be distributed in the perisarc. Elemental maps of the sections generated by SIMS revealed that iron, calcium, silicon, aluminum Fig. 4 . Wide-angle X-ray diffraction spectra for pooled homogenized hydroid perisarc (left, blue curve), chitin purified from hydroid perisarc (left, green curve) and alkaline peroxidation cocktail treated hydroid perisarc (right, blue curve). Chitin and chitosan from crab were used as controls. and a trace of copper are localized in the perisarc. To determine the amount of metal detected by SIMS, whole perisarcs were measured in ICP. As shown in Table 3 , the metals quantified in the perisarc were Si (0.089 wt.%), Al (0.049 wt.%), Ca (0.23 wt.%) and Fe (0.049 wt.%) ( Table 3) . Compared with standard seawater, hydroid perisarcs have six times as much Ca and 10 4 times as much Fe [32] . Cu was not detected at all and the Zn content was 0.02 wt.%.
Confocal resonance Raman microscopy of Aglaophenia perisarc cross-section
The catechol moiety of DOPA exhibits a high affinity for metal ions and metal oxides, e.g. Fe 3+ with cumulative log stabilities (i.e. log K s ) of 37-40 [33, 34] . The colocalization and complexation of Fe and DOPA in the mussel byssal coating are responsible for its extraordinary combination of high hardness and high extensibility [35] [36] [37] . Therefore, we speculated that DOPA residues in the Aglaophenia perisarc may form some coordination complexes with the iron in the perisarc. Spectroscopic research to find the evidence for metal complexation with DOPA was thus performed. Confocal resonance Raman microscopy is a powerful tool to map the distribution of DOPA-Fe coordination complexes in tissues. The reason for resonance lies in the characteristic charge transfer absorption associated with transfer of nonbonding p DOPA electrons to Fe 3+ in DOPA-Fe complexes in the near-infrared region of the electromagnetic spectrum. By applying near-infrared laser line, only protein-metal coordination sites will be enhanced and visible in the Raman spectrum. This method was successfully utilized to localize DOPA-Fe complexation in the protective cuticles of mussel byssal threads [35] and plaques [37] . Fig. 6 shows the results of Raman spectroscopic imaging on a thin (20 lm) section of the hydroid perisarc. An optical micrograph of the analyzed region is shown in Fig. 6A , whereas Fig. 6B shows two representative resonance Raman spectra of hydroid perisarc (blue and red line). Both spectra are dominated by specific Fe 3+ -DOPA complexation bands (500-650 cm À1 ) and the DOPA ring vibrations (1380-1520 cm À1 ). The two spectra differ mainly in the intensity ratios of the peaks, which could be due to the variety of coordination sites in the cuticle. The spectral features observed resemble those observed in mussel byssus coating (black line). Fig. 6C-E shows the results of Raman spectroscopic imaging of the same section integrated for different regions of the spectra: namely, overall fluorescence, Fe 3+ -DOPA complexation and CH stretching. Notably, DOPA-Fe coordination is present throughout the whole perisarc, suggesting DOPA and its complex with iron(III) as a possible contributor to the as yet untested mechanical properties of perisarc.
Discussion
Squid beaks and polychaete jaws, which consist primarily of nonmineralized macromolecules, have attracted attention in part because their remarkable hardness and stiffness are more Table 3 Total concentrations of aluminum, calcium, iron and silicon from the Aglaophenia perisarc. comparable with ceramics than with known organic polymers [5] . Chitin [3, 11] , melanin [2, 9] and Fe 3+ -DOPA coordination complexes [30, 34, 36] are proposed to be combined in some way, to endow the perisarc of the hydroid Aglaophenia with the toughness needed for survival in the very exposed intertidal zone. Chitin (N-acetyl-D-glucosamine connected by b linkages), found in the Aglaophenia perisarc, is a structural polysaccharide found in the hard tissues of many other marine invertebrates (e.g. squids, crabs, shrimps and sea spiders). The reported stiffness of chitin nanofibers is at least 150 GPa [13, 38] , and is much greater than the stiffness of wet regenerated chitin films prepared in ionic liquids (<0.5 GPa; unpublished data). Indeed, in Dosidicus squid beak, which has a chitin-based supporting frame [3] , the stiffness of 5 GPa at the distal tip with less than $20 wt.% water decreases significantly to 30 MPa at the proximal wing with more than 70 wt.% water content [3, 12] . Therefore, control of hydration around the chitin composite is one of the key challenges to tuning the stiffness of the composite under wet conditions.
Element
Condensation of oxidized catechols with histidine-rich proteins was identified as a key mechanism for controlled water content in the squid beak [3, 12] . Similarly, catechols (DOPA), pigment and a chitinous supporting frame were identified in the Aglaophenia perisarc. However, the most dominant difference was low histidine content (<2%) in the perisarc, in contrast with the jumbo squid beak histidine content ($10 wt.%) [11] , suggesting that DOPA-His cross-links are unlikely to be a coupling pathway in perisarc. Rather, the high fraction of melanin-like pigment ($60%) in the perisarc was suggested by XPS, IR and alkaline peroxide treatment. Most biological integuments generally have less than 5% dry weight of melanin, which functions primarily as a colorant and sunscreen. In contrast, the melanin of polychaete Glycera jaw ($37% dry weight) has a distinct load-bearing function, and contributes to about half of the observed hardness and stiffness of this structure [2, 9, 39] . The chemical identification of melanin is never a trivial task, hence caution is called for in interpreting the present results. On the one hand, analysis of the reaction of perisarc with alkaline peroxidation and acid hydrolysis suggests a eumelaninlike composition for Aglaophenia pigments; on the other hand, in situ Raman microscopy of perisarc failed to detect melanin resonances consistent with the Sepia melanin standard. In the case of squid beak, significant melanin was actually an artifact formed post-hydrolytically by the oxidation and polymerization of catechol adducts freed from the cross-linked structure [12] . A similar artifact is probable from a DOPA-and Fe
3+
-rich material, as we suppose perisarc to be. Indeed, Mentasti and Pelizzetti [40] have shown that catechols are highly prone to pigment formation in the presence of Fe 3+ at acidic pH.
Based on the experimental results and discussion above, we propose the pigment in Aglaophenia perisarc to have two functions: (i) to enhance the cohesiveness of the perisarc; and (ii) to help control hydration by acting as a hydrophobic coating around the perisarc. Indeed, the formation of pigment around a chitosan (the deacetylated form of chitin) film not only increases the hydrophobicity of the film but also enhances the film's tensile properties under wet conditions to a level comparable to that of the chitosan film in dry conditions by reducing the hydration and swelling of chitosan due to water adsorption [41] . Melanins are also known to bind metal ions via their hydroxyl and carboxyl functionalities [42] [43] [44] . Copper has the highest binding affinity to eumelanin. Indeed, copper ion is also bound to the melanin of the Glycera jaw and has a significant influence on the mechanical performance of the jaw. Even though copper was not detected in ICP analysis of the Aglaophenia perisarc, melanins can form coordination complexes with other metal ions [42] [43] [44] . From the ICP analysis result, Fe, Ca, Si and Al were also present in the perisarc, suggesting that chelates or salt bridges are probably formed between the macromolecules and those ions.
Biological materials can use covalent and non-covalent crosslinking between their building blocks to enhance cohesion. As the biological material becomes more cross-linked, it is less susceptible to swelling, and is denser and stiffer. Extensive covalent cross-links in keratin, mediated by its cysteine residues, and in collagen, mediated by lysine and hydroxylysine, are well known factors affecting cohesion [45, 46] . Recently, noncovalent cross-links mediated by metal coordination have attracted attention as alternative sclerotizing strategies. Owing to the presence of zinc and manganese, the hardness of spider fangs and teeth was enhanced twofold compared to bulk mandible [47] . Zinc-histidine coordination in polychaete Nereis jaw and iron-DOPA complex in mussel Mytilus byssal cuticles also contribute to their extraordinary mechanical properties [8, 35] .
Similar to mussel adhesive plaque, we observed the Aglaophenia perisarc to possess 10 4 times more iron than ambient standard seawater, as well as a DOPA-containing protein and Fe
-DOPA complexes with nearly identical resonance Raman spectral shifts and intensities. The catechol functionality of DOPA exhibits a strong binding affinity for Fe 3+ with cumulative log stabilities (i.e. log K s ) of 37-40 [33] . The mechanochemistry of Fe 3+ -DOPA mediated cross-links is reversible yet robust, roughly comparable to the binding of well-oriented biotin-avidin interactions [31] . Fe 3+ -DOPA complexes in the mussel thread cuticle are correlated with an epoxy-like stiffness and a rubbery extensibility [35] . Therefore, correlating the mechanical properties of Aglaophenia perisarc with the distribution of Fe
-DOPA complexes is of considerable interest for future research. Similarly, the range of achievable properties in materials made by combining chitin, DOPA, Fe 3+ and other metal ions needs to be explored systematically. DOPA is also a covalent cross-linker. For example, after oxidation to DOPA quinone, reverse dismutation of DOPA with quinone forms di-DOPA cross-links [48] . The reaction intermediates from the oxidation of DOPA (e.g. DOPA quinone and dopachrome) can be covalently coupled to the amine group of D-glucosamine in chitin fibers and can mediate cross-linking between chitin fibers. DOPA-thiol covalent crosslinks [19] are also likely to form because energy-dispersive X-ray analysis on the perisarc showed the high intensity of characteristic sulfur X-rays (Fig. S3) .
The presence of chitin, DOPA, Fe 3+ and a high molecular weight pigment in Aglaophenia perisarc is intriguing because no marine biomaterials are known to combine all four components in the same tissue. Dosidicus squid beak has only chitin and DOPA [11] , Mytilius (mussel) byssus has only DOPA and Fe 3+ [25] and Glycera jaw has only melanin [2, 9] . The role of DOPA and DOPA-mediated cross-linking in Dosidicus squid beak was linked with the dehydration of chitin, thereby maintaining strong mechanical properties of chitin in water. On the other hand, catecholate-Fe 3+ complexes in the byssal thread cuticle are correlated with its peculiar rigid yet extensible tensile properties. The existence of a DOPA-containing protein and Fe
-DOPA chelate complex in the perisarc suggests the possibility of chemical and mechanical parallels to both the mussel byssal cuticle and the squid beak, and need to be explored further.
Conclusions
We investigated the perisarc of the marine hydroid A. latirostris to understand how nature designs a stiff, tough and lightweight sheathing structure. Chitin and a melanin-like pigment constitute 10 and 60 wt.% of the perisarc, respectively, but less than 2 wt.% can be attributed to inorganic elements. Interestingly, a DOPAcontaining protein and iron were identified in the perisarc, which suggests a similarity to the adhesive and coating of mussel byssal threads. A resonance Raman spectrum due to DOPA-iron(III) complex formation was also detected in the perisarc, implying the existence of DOPA-iron(III) interaction associated with chitin and melanin-like structures. Analysis of the surfaces of perisarc sections, perisarc architecture and the ultrastructural arrangement of the components remain to be done. In addition, the chemical interactions between various components of the perisarc should be studied.
